Introduction
SUMMARY The aim of this study was to compare the electrochemical corrosion behaviour of stainless steel (SS) and nickel -titanium (Ni-Ti) orthodontic archwires in Ringer ' s solution at temperatures ranging from 15 to 55°C by using linear sweep voltametry and electrochemical impedance spectroscopy . Polarization curves show that the corrosion current density of SS is greater than that of Ni-Ti alloy. Since the corrosion current density is directly proportional to the corrosion rate, a great corrosion current density shows a lower resistance against corrosion. Therefore, in comparison with SS , Ni-Ti alloys have a lower corrosion rate. Results show that the temperature of the solution affects the corrosion rates of the alloys. As the temperature increases, the corrosion resistance of both of the alloys decreases , although these variations were not so large. Impedance measurements show that the electrochemical behavio u r of Ni-Ti exhibits higher polarization resistance and lower capacitance, which means that passive fi lm formed on this alloy is more homogeneous and thicker in comparison with SS . Results also show that polarization resistance of both alloys decreases slowly with increases in the temperature of the solution.
Ni-Ti shape memory alloy wires were introduced in orthodontics clinics in 1972 by Andreasen with particular properties of superelasticity and shape memory effect ( Merritt and Brown, 1995 ; Li et al. , 2006 ; Daems et al. , 2009 ) . All the authors agree that the titanium corrosion resistance in these media is due to the formation of an adherent and highly protective oxide  lm on its surface which is mainly formed of TiO 2 ( Wilkinson 1962 ; Daems et al. , 2009 ; Kadowaki et al. , 2009 ; Kao and Huang, 2010 ) . In the oral environment, orthodontic attachments are exposed to a number of potentially damaging physical and chemical agents. Corrosion resistance of orthodontic alloys depend s on the oral environment, which is in uenced by several variables , such as temperature, quantity and quality of saliva, plaque, pH, proteins, and physical/chemical properties of solids/liquids food ( Rondelli and Vicentini, 2000 ; Huang, 2003 ) . Temperature can affect the corrosion behavio u r of materials in different ways. The body temperature of 37°C can accelerate electrochemical reactions and even change the mechanism of corrosion from that occurring at room temperature ( Virtanen et al. , 2008 ) . Orthodontic wires are subject to larger temperature variations than most other parts, coping with ice-cold temperatures through to hot coffee ( Maijer and Smith, 1982 ; Maijer and Smith, 1986 ; Fraker 1987 ; Powers and Wataha, 2008 ) .
To date, few studies have investigated the effect of temperature on the corrosion behavio u r of Ni-Ti and SS alloys in arti cial saliva. But it has been proven by many ( Fraker, 1987 ; Guyton and Hall, 1996 ; Trépanier and Pelton, 2004 ; Powers and Wataha, 2008 ) . The aim of this work was , therefore, to compare the effect of temperature variations (15 -55°C) on the corrosion behavio u r of Ni-Ti and SS archwires in Ringer ' s solution by using electrochemical techniques. To evaluate temperature effects on the alloys, samples were tested in Ringer ' s solution at 15, 25, 35, 37, 40, 42, 45 , and 55°C.
Materials and m ethods

Test materials
Nickel -titanium (Orthotechnology Co. L td , Tampa, Florida) and SS (G&H Wire Company, Greenwood, India) as-received archwires were used as working electrode in this research. For electrochemical measurements, a series of Ni-Ti and SS wires were coated at both ends using a non-conductive cold resin mounted as working electrode, in order to obtain active area of 1.414 and 0.3195 cm 2 exposed to the solution for Ni-Ti and SS archwires, respectively. All samples were checked to ensure good electrical conductivity. Prior to the experiments, the precise diameter and expose length of each wire were measured, in order to obtain the actual area of the working electrode. All specimens were polished up to # 1000 and # 2000 with silicon carbide paper and then cleaned with deionized water, degreased with acetone , and immersed in Ringer ' s solution at room temperature for 24 hours before each electrochemical measurement .
Test solution
The experiments were carried out using Ringer ' s solution ( Kamachi Mudali et al. , 2003 ; Berradja et al. , 2006 ; Singh and Dahotre, 2007 ) . The composition of this solution has been shown in Table 1 . A custom-made cell was employed to maintain the temperature of the solution at the desired value. The accuracy of temperature maintained in the present investigation was ± 0.5°C.
Electrochemical measurements
The electrochemical measurements were taken by using potentiostat (Autolab model 302N ; Echo chimi, Utrecht, T he Netherland s ). A conventional three-electrode set-up consisted of SS and Ni-Ti samples as working electrode, a platinum electrode as counter electrode, and an Ag/AgCl (3M KCl) as reference electrode was used for the experiments. All the potentials reported here are referenced to the Ag/AgCl electrode. The entire three-electrode assembly was placed in a Faraday cage to limit the noise disturbance. The anodic and cathodic polarization plots were recorded by initiating the potential from ± 300 mV relative to the open circuit potential. Scan rate was 2 mV second − 1 . The corrosion potential ( E corr ) as well as the corrosion current density ( i corr ) were extracted from the Tafel plots by GPES Autolab software through Tafel slope extrapolation. To record impedance plots, the above potentiostat was used in association with FRA Autolab software. Impedance measurements were made using a sinusoidal signal of 0.1 V amplitude and frequencies in the 10 kHz -1 mHz range. The impedance data were  tted to the equivalent circuit of Randle ' s ( Lo´pez et al. , 2008 ; Valero Vidal and Igual Muñoz, 2008 ) to determine R p and C values. In order to test the reproducibility of the results, the experiments were performed in triplicate . Table 2 shows that the corrosion potential of SS is much more negative than that of Ni-Ti alloy. In addition, the corrosion current densities of SS archwires are much larger than Ni-Ti alloys. Since the corrosion current density is directly proportional to the corrosion rate, the lower the corrosion current density, the better resistance against corrosion is ( Songür et al. , 2009 ) . Of course, the corrosion current density, as a function of temperature, appears to increase slowly in both of the alloys ( Figures 1  and 2 ). Table 2 also shows that with increase in the temperature, corrosion potential of SS and Ni-Ti alloy becomes more negative, and corrosion current density becomes larger. However, at all temperatures , SS alloys
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have corrosion potential more negative than Ni-Ti alloys. As the temperature increases, a shift in the polarization curve towards lower potential can be seen for both of alloys.
Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is a powerful technique to study the electrochemical corrosion process on metals. The response of a corroding specimen to an applied small amplitude signal will depend on the frequency of the signal. The magnitude and phase shift at each frequency noted, and the corrosion cell response expressed as a combination of resistive, capacitive, and inductive components ( Gurappa, 2002 ) .
There are two principal impedance plot types to represent the experimental data obtained over a range of frequency for an electrochemical system: Nyquist plots of Z ″ ( ω ) as a function of Z ′ ( ω ), where ω = 2 π f and Bode plots of impedance modulus ( ) Z as a function of frequency. Both of these can show the true behavio u r of a real electrochemical system. From this method, Nyquist plots and Bode plots were obtained and  tted with an appropriate equivalent circuit to determine the solution resistance ( R s ), polarization resistance ( R p ) , and a double layer capacitance ( C DL ). Among these parameters, R p is the factor that determines corrosion resistance of alloys. This value is inversely proportional to i corr , and hence, high values of R p correspond to low values of corrosion rates. The Nyquist plot shows semicircle and has a range from high frequencies to low frequencies. At high frequencies, the impedance is almost created by the solution resistance R s , while at low frequencies , it is approximated by sum of R s and polarization resistance R p . Because of this behavio u r, measurements taken at high frequencies will generally reveal the solution resistance, while measurements taken at low frequencies will measure both solution and charge transfer or polarization resistance. Thus, the difference between low and high frequencies give s the polarization resistance, which is inversely proportional to the corrosion rate ( Gurappa, 2002 ) .
Figures 3 and 4 show the Bode (modulus) diagrams of SS and Ni-Ti alloys in Ringer ' s solution at different temperatures, respectively. Table 3 summarizes the resistance, capacitance , and n values of the passive layer , obtained by adjusting the experimental data using the equivalent circuit for Ni-Ti and SS alloys at different temperatures. Figures 5 and 6 show the Bode (modulus and phase) diagrams of SS and Ni-Ti alloys in Ringer ' s solution at different temperatures, respectively.
According to Bode diagrams in Figures 5 and 6 , only one capacitive behavio u r can be clearly identi ed for Ni-Ti and SS alloys in Ringer ' s solution. Therefore, to compare purposes between both alloys, the Randle ' s electrical equivalent circuit consisted of only one time constant 
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( Figure 7 ) was used to model experimental data. Several authors have used the same electrical circuit ( Lo´pez et al. , 2008 ; Valero Vidal and Igual Muñoz, 2008 ) . It includes a solution resistance between the working and reference electrodes ( R s ), a polarization resistance at the electrode/ solution interface ( R p ), and CPE DL as the capacitance of the double layer represented by the constant phase element (CPE). Table 3 reveals that Ni-Ti alloys have the higher polarization resistance compare to SS alloys, indicating superior corrosion properties , and this is true at all temperatures. It can be seen that for both alloys, the highest polarization resistance (charge transfer resistance) or the lowest corrosion rate is related to 15°C (the lowest temperature). As the temperature increases, polarization resistance of both alloys decreases , so the corrosion rate increases. The lowest polarization resistance is related to 55°C.
Discussion
For all practical purposes, the metallic restoration/ orthodontic wires cannot be isolated electrically from the Table 3 Circuit parameters for stainless steel and Ni-Ti alloys in R inger ' s solution at different temperatures . tooth. Hence, resistance to corrosion is critically important for orthodontic wires because corrosion can lead to roughness of the surface, weakness of the appliances, and liberation of elements from the metal or alloy. Release of elements can produce discolouration of adjacent soft tissues and allergic reactions in susceptible patients ( Dunlap et al. , 1989 ; Kerosuo et al. , 1995 ; Rahilly and Price, 2003 ) . So, if alloys have higher corrosion resistance, the adverse effects of corrosion and liberation of elements from the alloy will be lesser. Since corrosion resistance plays an important role in determining the use of metal alloys as biomaterials, the in vitro evaluation of such parameters is so helpful for acceptance of the new materials for that purpose. Although results obtained by in vitro experiments cannot directly be used for predictions of the alloy behavio u r in the real oral conditions but are helpful for comparison purposes between different alloys. It is evident that the corrosion rates of the alloys are sensitive to temperature of the solution. If the temperature of the solution increases, the corrosion resistance will decrease due to increased diffusion of oxygen on the alloys.
The medium temperature (Ringer ' s solution) increased from 15 to 25, 35, and 37°C (human body temperature) and then gets to 40, 42, 45 , and 55°C, so the corrosion resistance of both alloys decreased but not signi cantly. The values given in Table 2 suggest that with increases in the temperature of the solution from 15 to 55°C, corrosion current densities of Ni-Ti and SS archwires increase from (1.843×10 − 8 ) and (2.138×10 − 6 ) to (3.145×10 − 8 ) and (4.356×10 − 6 ), respectively , which indicate that their corrosion resistance decreases. Therefore, even very small changes in the temperature affect the corrosion rates of the alloys, and if the variation in the temperature of the solution becomes larger, its in uences on corrosion rates will become signi cant. Table 2 also shows that corrosion current densities of SS are 10 2 times greater than corrosion current densities of Ni-Ti. Therefore, it can be concluded that corrosion 410 Ni-Ti differs from SS as regard the passive layer forms on its surface. Ni-Ti, compare to SS , has high resistance against corrosion , due to the highly compact passive layers form on its surface (TiO 2 ). This layer is more compact and protective than SS , but for both alloys , a passive layer can be formed if damaged in arti cial saliva. Therefore, when the corrosion potential and corrosion currents of Ni-Ti and SS alloys are compared, it can be seen that Ni-Ti has a more positive potential and lower corrosion current. Thus, it can be concluded that Ni-Ti alloy is more resistant against corrosion than SS in Ringer ' s solution and even at higher temperatures. These results are con rmed by different studies ( Gurappa 2002 , Singh and Dahotre 2007 , Songu¨r et al. , 2009 ) performed on SS and titanium alloys in simulated body  uids.
Figures 5 and 6 show that at high frequencies (10 3 to 10 4 Hz), the impedance data of Ni-Ti and SS alloys are almost independent of the frequency with the phase angle approaching 0 degree. This is the representative response re ecting a resistive behavio u r and corresponds to the resistance of the electrolyte between the reference and working electrode ( Hang et al. , 2010 ) as noted earlier. A highly capacitive behavio u r, typical of passive materials, is indicated from medium to low-frequency region (10 − 1 to 10 2 Hz) by phase angles approaching − 90 degrees for Ni-Ti and − 80 degrees for SS, suggesting that a highly stable  lm is formed on all tested alloys in the electrolyte used. At these frequencies, the impedance and the frequency have a linear relationship, which correspond to the capacitive behavio u r of the electrode/electrolyte interface ( Assis et al. , 2006 ) . The higher phase angles of Ni-Ti alloys indicated that the oxide layer forms on this alloy is more protective and compact than oxide layer forms on SS alloy.
Although SS has a passive oxide coating from the chromium, this layer is not as effective as that produced by titanium oxide in Ni-Ti alloys. Steel therefore has inferior corrosion resistance when compared to Ni-Ti alloys ( House et al. , 2008 ) . These results are consistent with very low corrosion rates determined in polarization tests for Ni-Ti alloys ( Table 2 ) . It can also be seen in Figures 3 and 4 that at the frequencies between 10 4 and 10 − 2 Hz, all the plots obtained at different temperatures correspond to each other, but at very low frequencies (10 − 2 to 10 − 3 Hz) , the magnitude of impedance decreases slowly with increases in the temperature.
The impedance of CPE can be de ned as:
where Z 0 is the CPE constant, j 2 = − 1 is the imaginary number, ω is the angular frequency , and n is the CPE exponent ( − 1 ≤ n ≤ 1 ; Hang et al. , 2010 ) . Applying CPE, instead of pure capacitance, improves the  tness of EIS data to the experimental results. Depending on n , CPE can represent resistance ( n = 0, Z 0 = R ) or capacitance ( n = 1, Z 0 = C ; Valero Vidal and Igual Muñoz, 2008 ) . Therefore, when n approaches to 1, as can be seen in these tests for both of the alloys, the CPE behaves as a non -ideal capacitor. rates of SS are 10 2 times greater than Ni-Ti alloys because, as pointed earlier, corrosion rate is directly proportional to the current density. However, because corrosion current densities are all within the same decade for each alloy, it cannot be concluded that this increase in i corr is signi cant in the temperature range studied , but when SS alloys compare to Ni-Ti alloys, the great differences appear.
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6 of 7 than normal body temperature. By increasing the temperature , the test is accelerated and can therefore be used in a laboratory setting to obtain information on materials corrosion resistance in a relatively short period of time. Furthermore, a change in temperature can also affect the resistance of a material to localized corrosion (pitting corrosion ; Trépanier and Pelton, 2004 ) .
The aim of this investigation was to obtain E corr and i corr for comparison purposes between SS and Ni-Ti alloys by using potentiostatic method (linear sweep voltametry) and also to compare the alloys according to their passive  lm behaviour, with the aid of parameters n and R p determined by impedance measurements , but we can obtain further useful information about passive behaviour of the alloys by measuring E pitt , E b , E rp , etc and also due to hysteresis loop from potentiodynamic measurements. This subject can be an area for future work in order to improve understanding of the electrochemical corrosion behaviour of the alloys in vitro .
Conclusion s
Electrochemical corrosion behavio u r of SS and Ni-Ti alloys was investigated and compared to each other in Ringer ' s solution at temperatures in the range 15 -55°C by electrochemical techniques. It can be seen that results obtained from impedance measurements are in agreement with that obtained from potentiostatic tests. Results showed that as the temperature of the solution increased, corrosion current densities of the alloys does too, but the polarization resistance decreased , which means that corrosion rates of the alloys increased. All tests indicate that Ni-Ti has greater resistance against corrosion compare to SS , even at higher temperatures than normal body temperatures (37°C); this is due to its compact and protective layer forms on its surface in Ringer ' s solution. Although Ni-Ti corrodes in Ringer ' s solution, its corrosion rate, especially compare to SS (about the order of 10 − 6 ), is not very high (about the order of 10 − 8 ).
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The values of n are associated with the non-uniform distribution of current as a result of roughness and surface defects ( Assis et al. , 2006 ; Hang et al. , 2010 ) . The values of n for SS and Ni-Ti alloys at each temperature are given in Table 3 . It can be seen that n values for Ni-Ti alloys are greater than SS alloys and are closer to 1. Therefore, maybe, the behavio u r of Ni-Ti alloys is more similar to the non -ideal capacitor than SS alloys. Figure 8 shows the plot of polarization resistance versus the temperature of the solution for both the alloys that have been used in this study. This  gure clearly indicates the effect of temperature on the corrosion rate of these alloys. As noted earlier, with increases in the temperature, polarization resistance of alloys decreases, so corrosion rate will increase , but the rate of decreasing R p values of Ni-Ti alloys as a function of temperature is faster than SS . So, it can be concluded that Ni-Ti alloys are more sensitive to temperature variations than SS alloys. In addition, differences between polarization resistances at lower temperatures are greater in comparison with higher temperatures for both alloys. However, in general, it can be seen from Table 3 that for all conditions at various temperatures, there are high values of polarization resistance ( R p ) in the order of mega ohms ( mega ohms per square centimetre ) for both of the alloys, which implies a good corrosion resistance for these alloys.
Although in vitro experiments reveal susceptibility of Ni-Ti and SS alloys to corrosion, especially pitting corrosion in Ringer ' s or Hank ' s solutions, these alloys can be safely considered for use in a saliva-like environment. This is because saliva is less corrosive than the saline or Hank ' s/ Ringer ' s solution ( Singh and Dahotre, 2007 ) . If the corrosion rate is only controlled by the metal oxidation process, the corrosion rate will increase exponentially with an increase in temperature following an Arrhenius relationship. This is the true for exposing orthodontic appliances to physiological solutions at temperatures higher 
